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IMPROVED METHODS OF PERFORMING 
COHERENT OPTICAL CORRELATION 


by 

Akram S. Husain- Abidi* 
Goddard Space Flight Center 


INTRODUCTION 

Vander Lugt’s technique (Reference 1 ) of realising a complex spatial filter was largely responsible 
for a reevaluation of optical spatial filtering techniques for shape recognition and signal detection in a 
noisy background. The complex spatial filter, in its simplest form, is a record of the amplitude as well 
as the phase of the signal information; the information is normally recorded on a single photographic 
plate that is sensitive only to intensity (the square of the amplitude). The salient feature of this tech- 
nique is the transformation of phase and amplitude information into intensity information. The two 
methods reported by Vander Lugt for recording complex valued function on photographic films em- 
ploy modified Mach-Zehnder and Rayleigh interferometric arrangements. By placing this complex 
filter in the Fourier transform (or frequency) plane and performing an inverse Fourier transform of the 
light transmitted by this filter, the autocorrelation (or cross-correlation) function can be obtained. 
Since in the correlation plane the autocorrelation function of a pattern or shape has a bright central 
peak, pattern recognition can be achieved by detecting the bright spot. 

The purpose of this report is to describe the use of a quasi-Fourier transform hologram technique 
for recording both amplitude and phase of the signal information and its use in an optical correlator. 
This system offers greater sensitivity and selectivity than the systems using Fourier transform holo- 
grams as complex spatial filters. The high-pass spatial filtering effects due to the dynamic range of 
photographic films and which are normally encountered in Vander Lugt type complex spatial filters 
are not present. Effects of diffused illumination in the recordings of complex spatial filter are pre- 
sented. A correlation system in which paraboloidal mirror segments are used for Fourier-transforming 
purposes is also described. The advantages of paraboloidal mirror segments over lenses are presented. 

SYNTHESIS OF THE COMPLEX SPATIAL FILTER 

Figure 1 illustrates the recording arrangements of a complex spatial filter. Since a complex spa- 
tial filter of any kind is by definition a hologram, the recording arrangement is similar to that reported 
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Figure 1— Recording geometry of a complex spatial filter (or, the lensless Fourier-transform hologram). 

by Stroke (Reference 2). The reference beam is a spherical wave diverging from a point source located 
at the origin in the a/3-plane. If the recording film is placed a distance z Q from the xy-plane, which is 
parallel to the c^-plane, the complex amplitude produced by the spherical waves in the xy-plane can 
be written 


A. 

E r (x,y) = — , (1) 

a o 

where k = 2ir/X . 


Under the experimental conditions used to record this complex filter, the term a Q in the denomi- 
nator of Equation 1 can simply be replaced by z Q . In the exponent however, a can not be replaced by 
z Q , because of the presence of the wave number k, which is large enough that any resulting error multi- 
plied by it would generate phase errors much greater than 2n radians. Again with reference to Figure 
1 , the exact distance a Q is 



Since the binomial expansion of the square root is 
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for |6| < 1 , 


( 2 ) 


Equation 2 can be written 
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x 2 + y 2 


( 3 ) 
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Therefore, Equation 1 can be written 


Elx,y) = — exp 

f 7 


.. /, J .* 2 +>> 2 ' 


(4) 


Consider an object transparency (or any reflecting object) placed in the aj3-plane such that the object 
and reference point are coplanar. If the object is illuminated by a plane wave of unit amplitude at nor- 
mal incidence and if the transmittance (or reflectance) of the object is then, according to 

Fresnel diffraction, the field in the xy-plane can be written 


E s (x,y) 


e )kz 0 


JJ t(a,P) exp JJ [(x - a) 2 + (y - j3) 2 ] l da <2/3 . 


(5) 


From Equations 4 and 5, the total intensity /(x,y) recorded on photographic film in the xy -plane can, 
therefore, be written 

I(x,y) = I E r (x,y) + £ s (x,y)| 2 

= \E r (x,y)\ 2 + | E s {.x,y)\ 2 + E r {x,y)E*{x,y) + E* r (x,y)E s (x,y ) , (6) 

where the asterisk (*) signifies the complex conjugate. By putting the appropriate values for E r (x,y) 
and E s (x,y ) in the last two terms of Equation 6, we get 

I{x,y) = \E r {x,y)\ 2 + \E s (x,y)\ 2 JJ t*(a,/3) exp 
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(7) 


Equation 7 shows the way in which amplitude and phase information can be recorded on intensity- 
sensitive photographic films as amplitude and phase modulations of a “high-frequency carrier” intro- 
duced by the reference beam’s emerging from a point source. 

The final step in the synthesis of a complex spatial filter is to develop the exposed film to pro- 
duce a transparency. The transmittance r of the developed film is proportional to the intensity 
distribution of the exposing field during exposure; therefore, 

T(x,y) ~/(x,y ) , (8) 
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which is defined by Equation 7. After synthesizing the complex spatial filter, it was placed in the 
optical system (described in the next section) for data processing. 


PROCESSING THE INPUT DATA 

The complex spatial filter was returned to the position in which it was recorded. When this filter 
is illuminated by the field produced by the original transparency, the field strength & 2 transmitted will 
obey the proportionality 

£ 2 ~ £-[/(* ,y)]. (9) 

Lens L 4 of Figure 1 Fourier transforms & 2 ; therefore, the field strength & 3 in the focal plane of the 
lens will be 
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( 10 ) 


where 2 represents the Fourier transform and /is the focal length. 

The first term in Equation 10 contains the geometrical image of t(a,P). Let us consider the sec- 
ond term, which can be written 
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The most troublesome terms in Equation 12 are those containing the quadratic phase factor. These 
terms are only indicative of phase curvature over the a$- and xy-planes and, for most cases of interest, 
can be dropped. Therefore, Equation 1 2 can be written as 
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After integrating over x, y, a, and j8, we obtain 


jj^2 ff t(<x,P)t*(°‘ + Jx v p + jy^Jdadp. 


Equation 14 can be recognized as the autocorrelation function of t(a,l3). 


(14) 


Similarly, the third term of Equation 10, when reduced, can be recognized as the convolution of 


OPTICAL CORRELATORS 

Figures 2,3, and 4 illustrate the experimental arrangements used to perform autocorrelation. In 
all three systems, coherent illumination was provided by an He-Ne gas laser radiating at 6238A wave- 
length. The light from the laser was brought to a point focus by a microscope objective. A 6-jum- 
diameter aperture was placed in the focal plane to eliminate laser beam noise and to exclude stray 
light. In two of the arrangements (Figures 2 and 3), another lens was placed a focal length away from 
the focal plane to collimate the laser light. In the third arrangement (Figure 4), an off-axis paraboloi- 
dal mirror segment was used to collimate the laser beam. 

Let us consider Figure 2 in detail. A portion of the collimated light was brought to focus in the 
o£J-plane to act as a point reference source for recording the complex spatial filter. The rest of the 
collimated light was allowed to impinge upon a transparency, which was also located in the a/3-plane. 
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Figure 2— Optical correlator for transmittive objects. 


The interference fringes produced by the field scattered by the object transparency and the spherical 
waves originating from the point source (which was coplaner with the object transparency) were re- 
corded on a photographic film in the xy-plane, which was located a distance z Q from the a/3-plane. 
Another lens (L 4 ) was placed a focal length away from the xy-plane, and this lens was used to Fourier 
transform the field distribution transmitted by the developed complex spatial filter. The correlation 
spot was monitored in the x 1 y 1 -plme. 

The experimental arrangement shown in Figure 3 was used for correlography of reflective objects. 
The collimated light was split into two parts by an optical wedge, used to avoid the front surface re- 
flections. The first part of the collimated beam was directed toward the object (which was placed in 
the ojS-plane) by front-surface reflecting mirrors (M p M 2 , M 3 , and M 4 ). Mirrors M 5 , M 6 , and M ? and 
lens L 3 were used to direct and focus the second part of the beam in the form of a point source in the 
a/3-plane. This focused light in the cq3-plane was used as a point source of spherical waves for recording 
the complex spatial filter. The phase and amplitude information of the object was recorded in terms 
of interference fringes in the xy-plane. The photographic plate was developed and placed in exactly 
the same position it occupied during the exposure. Lens L 4 Fourier transformed the field transmitted 
by the complex spatial filter when illuminated by the diffraction field produced by the object in the 
a/3-plane. The autocorrelation spot was monitored in the jc^-plane. 

In the experimental arrangement of Figure 4, the laser light was brought to focus by a microscope 
objective and then spatially filtered by a 6-Mm-diameter pin hole. An off-axis paraboloidal mirror seg- 
ment (M^ was used to collimate the laser light. A portion of the collimated light was diverted by a 
front-surface reflecting mirror (M 3 ) toward an off-axis paraboloidal mirror segment (M 2 ) that focused 
the beam in the a$-plane. The spherical waves produced by this point source were used as the refer- 
ence beam. The remaining portion of the collimated light was brought to the a/3-plane by means of 
mirrors M 2 and M g . The input transparency was placed in this plane, and the complex spatial filter was 
recorded in the xy-plane. 

Another off-axis paraboloidal mirror segment Fourier transformed the field transmitted by the 
developed complex spatial filter when illuminated by the field produced by the input transparency. 

The correlation function was monitored in the JCjyyplane. 
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The use of parabolic mirrors in this arrangement has a number of advantages over a correlator 
with lenses. The absence of paraxial approximation in the derivation of the transfer function for a 
parabolic mirror indicates that the focal length of the parabolic mirror is not a function of the index 
of refraction; hence, all rays parallel to the optical axis of a parabolic mirror intersect at the focal 
point. This independence from the refractive index means that material for fabrication of the mirrors 
need not to be homogeneous and isotropic. Therefore, the use of paraboloidal mirror overcomes all 
the critical limitations on optical material. Also, the aperture for the optical signal being processed can 
be larger for a parabolic mirror than for a lens of the same diameter. More importantly, off-axis seg- 
ments of the parabolic mirror can be used as optical-system elements since these segments have the 
same transforming properties of the original mirror and the same relative axis. Thus, a folded optical 
system can be designed. The use of parabolic mirrors has an added advantage in that they do not gen- 
erate front-surface reflections. 

EXPERIMENTAL RESULTS 

Transmittive Objects 

Operation of the experimental arrangement to perform autocorrelation on transmittive objects 
has been described in the preceding sections. For the experiment, photographic transparency of a 
brain tissue was chosen as an object. The transparency was placed in the o/3-plane, and special care was 
taken to ensure that the reference point source and the input transparency were coplanar. The photo- 
graphic plate was placed in the xy-plane. The ratio of the intensity of the reference beam to the light 
transmitted by the input transparency was typically 1:1. Exposure was controlled such that the trans- 
mission of the developed film was in the linear region of the Hurter-Driffield curve. After exposure, 
the film was developed and returned to the same position it occupied during the exposure. The com- 
plex spatial. filter (or the hologram) was then illuminated with the light transmitted by the object 
transparency, and lens L 4 takes the Fourier transform of the field transmitted by the filter. The cor- 
relation function, the geometrical image of the input transparency, and the convolution function were 
recorded in the x^y^-plane, as is shown in Figure 5. The autocorrelation function has a characteristic 
bright central peak and therefore can easily be detected; this bright peak can easily be seen in the 
photograph. 



Figure 5— Autocorrelation of brain tissue. 
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Reflective Objects 


Experimental arrangements for reflective objects are far more complicated than those for trans- 
mittive objects. (Figure 3 is an example of such system.) The acronym “NASA” was scratched on a 
black-painted aluminum surface and was used as an object for autocorrelation. The plate was placed 
in the 0^3-plane, and special care was taken to ensure that the light focused by lens L 3 and the front 
surface of the aluminum plate were coplaner. The photographic plate was placed in the xy-plane. The 
ratio of the reference beam to light scattered by the object was typically 1:1. After an experimental 
procedure similar to that in the previous section was followed, the correlation spot was obtained in the 
x^l-plane; Figure 6 is a photograph of that plane. The geometrical image of NASA and the bright 
central peak of the autocorrelation function can be seen in the photograph; Figure 7 shows the im- 
pulse response of the complex spatial filter. 

The effect of the displacement of the input information in the cvj3-plane on the correlation spot in 
the x^j-plane was investigated by placing a vidicon tube in the x 1 y 1 -plane. The output of the vidicon 
tube was simultaneously displayed on a television monitor and on an oscilloscope. When the input in- 
formation was displaced in either the a- or the ^-direction, the correlation spot was found to lose its 
brightness and move with respect to the movement of the object in the a/3-plane. 



Figure 6— Autocorrelation of a reflective object. Photograph of the 

x 1 y 1 -plane. 
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Figure 7— Impulse response of the complex spatial filter of the acronym 

"NASA". 

Figure 8a is an oscilloscope trace of the composite video signal of the cross-correlation (30 lines 
in the center of the frame are shown). Figures 8b and 8c show the scanned cross-correlation spot 
when the transparent object was displaced 2 and 3 mm respectively in the +j3-direction. Figure 8d 
shows the scanned cross-correlation spot when the object was displaced 3 mm in the -|3-direction. 

EFFECTS OF DIFFUSE ILLUMINATION 

The concept of diffuse illumination holography, first introduced by Leith and Upatnicks (Refer- 
ence 3), has some very interesting advantages. The laser light was diffused by placing an opal glass just 
behind the object transparency in the experimental arrangement of Figure 2. The light thus diffused 
behaves in some ways as if it were incoherent, but it retains the time-invarient property of the ampli- 
tude and phase relationship. This property is responsible for the recording of the hologram and is ab- 
sent in the case of incoherent illumination. 

One of the many advantages of recording holograms by diffusing the light that illuminates the 
object is that the diffuse illumination causes each point of the object to radiate a spherical wave; there- 
fore, the information regarding each point of the object is spread over the entire photographic plate. 

This eliminates any recognizable shadows of the object on the photographic plate. Also, the effects of <- 

microscopic imperfection in or on the surface of such optical components as mirrors, beamsplitters, 
and lenses are minimized because the results of imperfections are smeared over the entire recording 
plate, resulting in negligibly small mean effects. The effects of dirt or scratches can similarly be made 
insignificantly small. The minimization of all these effects results in better sensitivity and selectivity 
for the optical correlators. 
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(c) 3*mm displacement in the +/3 direction. (d) 3-mm displacement in the -0 direction. 


Figure 8— Composite video signal of the cross-correlation for the measure of the displacement of the input information. 
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CONCLUSIONS 


The coherent optical correlator using a quasi-Fourier transform method of recording complex 
spatial filters is a highly sensitive and selective system since these correlators display the true correla- 
tion value at only a single point (i.e., where the correlation spot has the maximum value). The other 
advantage is in the flexibility in the recording of the complex spatial filter. In a quasi-Fourier trans- 
form method of recording phase and amplitude information there is a one-to-one correspondence be- 
tween the object coordinates and the spatial frequencies at the hologram (to be used as a complex 
spatial filter), and the information can be recorded on low-resolution recording materials. Also, the 
high-pass spatial filtering effects normally encountered in Vander Lugt type complex spatial filters due 
to the limited dynamic range of photographic films are not present in these systems. 

It has also been shown that by placing a diffuser just behind the object transparency, the quality 
of the complex spatial filter can be improved. 
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